13 In recent years, effective treatment of infections caused by Acinetobacter baumannii has 14 become challenging due to the ability of the bacterium to acquire or up-regulate 15 antimicrobial resistance determinants. Two component signal transduction systems are 16 known to regulate expression of virulence factors including multidrug efflux pumps. 17 Here, we investigated the role of the AdeRS two component signal transduction system in 18 regulating the AdeAB efflux system, determined whether AdeA and/or AdeB can 19 individually confer antimicrobial resistance, and explored the interplay between 20 pentamidine resistance and growth conditions in A. baumannii ATCC 17978. Results 21 identified that deletion of adeRS affected resistance towards chlorhexidine and 4',6-22 diamidino-2-phenylindole dihydrochloride, two previously defined AdeABC substrates, 23 and also identified an 8-fold decrease in resistance to pentamidine. Examination of 24 ∆ adeA, ∆ adeB and ∆ adeAB cells augmented results seen for ∆ adeRS and identified a set 25 of dicationic AdeAB substrates. RNA-sequencing of ∆ adeRS revealed transcription of 26 290 genes were ≥ 2-fold altered compared to the wildtype. Pentamidine shock 27 significantly increased adeA expression in the wildtype, but decreased it in ∆ adeRS, 28 implying that AdeRS activates adeAB transcription in ATCC 17978. Investigation under 29 multiple growth conditions, including the use of Biolog phenotypic microarrays, revealed 30
Introduction
biocides and dyes [10, [13] [14] [15] , and has gained attention due to its high incidence of over-48 expression across many MDR A. baumannii clinical isolates, primarily from 49 incorporation of point mutations in the genes encoding its positive regulator, AdeRS [6, 50 8, 13, 16] . Typically RND pumps consist of three proteins that form a complex; the 51 absence of any of these components renders the entire complex non-functional [17] . 52
Interestingly, deletion of adeC in the A. baumannii strain BM4454 did not affect 53 resistance towards two substrates of the pump suggesting that AdeAB can utilize an 54 alternative outer membrane protein (OMP) to efflux antimicrobial compounds [13] . 55
The genetic arrangement of the AdeABC system places adeABC in an operon that is 56 divergently transcribed to the regulatory adeRS two component signal transduction 57 system (TCSTS). Expression of adeABC occurs by binding of AdeR to a ten base-pair 58 4 direct repeat motif found within the intercistronic region separating these operons [18, 59 19 ]. Many clinical A. baumannii isolates harbor different genetic arrangements of the 60 adeRS and adeABC operons [20] , and whether regulation via AdeRS is conserved in these 61 strains is not completely understood. 62
With an increase in infections caused by MDR isolates across many bacterial 63 species, including A. baumannii, understanding mechanisms of resistance and how 64 resistance to and evasion of treatments has evolved over time has become a key research 65 topic. Furthermore, determining the impact of expression of resistance determinants 66 within the host environment and its effect on the efficacy of therapeutic treatments has 67 gained attention. For example, when Pseudomonas aeruginosa is grown using L-68 glutamate as the sole carbon source, resistance to the related compounds polymyxin B 69 and colistin increased ≥ 25-and 9-fold, respectively [21] . Other studies have shown that 70 the bioavailability of cations such as iron can have a drastic effect towards the resistance 71 of a number of antimicrobials across a range of pathogenic bacterial species [22] . Despite 72
A. baumannii being recognized as a major human pathogen, these types of studies are 73 limited for this organism. 74
This study aimed to determine the regulatory role of the AdeRS TCSTS in A. 75 baumannii ATCC 17978, a clinical isolate which only encodes the adeAB subunits and 76 identify whether AdeA and or AdeB alone can confer antimicrobial resistance in the 77 Antimicrobial susceptibility testing 109 The resistance profiles of WT and derivative strains were determined via broth 110 microdilution methods [25] which were performed in duplicate with a minimum of three 111 biological replicates using bacteria cultured in MH broth. Growth was monitored at 600 112 nm (OD 600 ) using a FLUOstar Omega spectrometer (BMG Labtech, Germany) after 113 overnight incubation at 37°C. 114
For disk diffusion assays, strains were grown to mid-log phase in MH broth, diluted 115 to OD 600 = 0.1 in fresh MH broth and 100 µL plated onto MH agar plates on which 116 antimicrobial loaded filter disks were overlaid. Alternatively, when assessing zones of 117 clearing using M9 minimal medium agar, strains were washed three times in phosphate 118 buffered saline (PBS) and diluted to OD 600 = 0.1 in fresh PBS. Tested antimicrobials 119 were pentamidine isethionate, chlorhexidine dihydrochloride and 4',6-diamidino-2-120 phenylindole dihydrochloride (DAPI) at the final concentrations of 125, 2.5 and 1.6 µg, 121 respectively. After overnight incubation, callipers were used to measure the diffusion 122 distances which were determined as half of the inhibition zone diameter, less the length 123 of the disk. At least three independent experiments in duplicate were undertaken. 124
Statistical significance was determined using the Student's t-test (two-tailed, unpaired) 125
and P values <0.0005 were considered significant. harboring the vector pAT04 and recovered as previously described [30] . Recombinants 150 were selected on LB agar supplemented with ERY. All mutants generated in this study 151 were confirmed by PCR amplification and Sanger sequencing. Primers utilized to 152 generate mutant strains are listed in S2 Table.  153 For genetic complementation of mutant strains, WT copies of adeRS and adeAB 154 were cloned into pWH1266 [31] where transcription was driven by the tetracycline 155 promoter. Resulting plasmids denoted pWH::adeRS and pWH::adeAB, respectively were 156 confirmed by Sanger sequencing. The GEN resistance cassette from pUCGM [32] was 157 PCR amplified and cloned into BamHI digested pWH::adeAB generating 158 pWHgent::adeAB thus abrogating transcription from the pWH1266 tetracycline promoter. 159
Plasmids were introduced into appropriate A. baumannii cells as previously described 160 [33] . Primers used to generate complementation vectors are listed in S2 Table.  161 Cell treatments and RNA isolation 162 RNA was isolated from WT and ∆ adeRS cells and Hiseq RNA transcriptome analysis 163 performed following methodologies as outlined previously [34] . 164
For pentamidine stress assays, WT and ∆ adeRS strains were grown overnight in 165 MH broth, sub-cultured 1:100 in fresh medium and grown to OD 600 = 0.6; they were 166 subsequently split into two 10 mL cultures. One 10 mL sample was treated with 7.8 mg/L 167 subsequently DNaseI treated (Promega) and then converted to cDNA using an iScript TM 180 cDNA synthesis kit (Biorad), following the manufacturer's instructions. The cDNA 181 generated was used as a template for qRT-PCR using the SYBR ® Green JumpStart ™ Taq 182 readymix ™ (Sigma) in a 20 µl final volume. Either a Rotor-Gene Q (Qiagen, Australia) or 183 RG-3000 (Corbett Life Science, Australia) instrument was used for quantification of 184 cDNA using the following protocol; 1 min at 95°C, followed by 40 cycles of 10 sec at 185 95°C, 15 sec at 57°C and 20 sec at 72°C. Melt curve analyses were undertaken to ensure 186 only the desired amplicon was generated. Primers used (S2 Table) for amplification of 187 cDNA transcripts were designed using NetPrimer (www.premiersoft.com). partially restored resistance to all compounds, validating that AdeAB plays a direct role 292 in resistance to these dicationic compounds (Table 1) . 293
AdeRS is critical for increased expression of adeAB following 294 pentamidine exposure 295 From MIC analysis of the ATCC 17978 derivatives, it was proposed that the presence of 296 the AdeRS TCSTS increased adeAB expression consequently providing resistance to 297 pentamidine, chlorhexidine and DAPI (Table 1) . To confirm this, the level of adeA 298 transcription was assessed by qRT-PCR of RNA isolated from WT and ∆ adeRS strains 299 after addition of a sub-inhibitory concentration of pentamidine. Transcription of the 300 adeAB operon was significantly up-regulated in WT and down-regulated in ∆ adeRS 301 following pentamidine stress (Fig 2) . Additionally, qRT-PCR was used to determine if 302 adeS expression levels altered after pentamidine stress in WT cells. It was found that 303 adeS expression increased less than <2-fold compared to untreated WT cells (data not 304 shown). To phenotypically support the transcriptional evidence that adeRS initiates 305 transcription of the ATCC 17978 adeAB operon, additional antibiograms were 306 determined. Using the shuttle vector pWH1266, two clones were constructed; 307 pWH::adeAB and pWHgent::adeAB, where the GEN resistance cartridge cloned in the 308 latter vector inhibited transcription of adeAB from the tetracycline promoter naturally 309 present in pWH1266. MIC analyses determined that the carriage of pWHgent::adeAB in 310 ∆ adeRS did not differ from results obtained for ∆ adeRS. Conversely, ∆ adeRS cells with 311 pWH::adeAB displayed a 4-and 8-fold increase in pentamidine and DAPI resistance, 312 respectively (Table 1) . Collectively, these results suggest that expression of adeAB and 313 subsequent resistance to the dicationic compounds in ATCC 17978 can only occur when 314
AdeRS is present. 315 was affected by the carbon source provided in M9 minimal medium (S4 Table) , whilst for 333 chlorhexidine and DAPI this pattern was not conserved indicating a pentamidine-specific 334 response (data not shown). To determine the MIC levels for pentamidine, plate dilution 335 experiments were undertaken for WT, becoming more susceptible to pentamidine compared to the untreated control (Table 2) . 388
This modified pentamidine susceptibility is iron specific as inclusion of other cations in 389 the growth medium (zinc, copper, manganese, cobalt, nickel) did not significantly affect 390 the zones of clearing (data not shown). Using inductively-coupled plasma mass 391 spectrometry the internal iron concentration in WT and + 100 µM DIP 1.7 ± 0.1 6.7 ± 0.2 6.9 ± 0.1 6.2 ± 0.2 6.6 ± 0.2 + 200 µM DIP 5 ± 0.3 *** 6.7 ± 0.4 6.6 ± 0.4 6.1 ± 0.1 6.4 ± 0.1
